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Abstract— This paper report a SW software version implementation in FPGA. The implementation was carried out using Altera 
DE2-115 EP4CE115F29C7 FPGA development board. Thirty eight tests with ranging from 1 to 2048 base-pair were used as to 
measure software version runtime which operating at two different clock frequency; 50MHz and 100MHz respectively. It shows 
that, the average runtime per cell for 100MHz and 50MHz are recorded at 0.021447ms and 0.044553ms per cell respectively. 
Therefore, we can conclude that the runtime is depending on the iterative computational method used and the higher frequency 
can improve the overall runtime performance. 
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I. INTRODUCTION 

DNA sequence alignment is a process of comparing two 
and more DNA sequence towards identifies the region of 
similarity shared among the sequence. Through this 
similarity region, it will be used to define the consequence 
degree of homolog of functional, structural or evolutionary 
relationship between the sequences [1]. The match sequences 
are known as homologous sequences where there is common 
inherited sequence. Meanwhile, the mutation sequences only 
occurred when there are mismatches between the two 
sequences. 

The crucial step of sequence alignment process is to 
identify the sequence and region of similarities between the 
two DNA sequences. It starts with aligning and comparing as 
to identify the similarity located between both of the 
sequences. If the query sequence (Nq) is clearly identified 
with the strong similarity to the subject sequence (Ns), then 
it will be easier for DNA sequence alignment system. 
However, sometimes mutation has led the sequence to be 
different with the others. Thus, gaps are introduced as to 
solve for this problem, which resulted in one or both 
sequences can preserve the maximum similarity after adding 
gaps. 

In DNA sequence alignment; there are two available 
methods which are global and local alignment as reported in 
[2]. A global method is aiming from end-to-end of the 
sequences, which both Dot Plot and Needleman-Wunsch 
(NW) algorithm [3] is operating using this method. 
Moreover, Dot Plot algorithm is known as a basic method 
which is using visual approach [4] while NW is defined an 
optimal alignment through global alignment method.  

Meanwhile, local alignment is assumes to align the most 
similarity sequences via locating both sequence similarity 
result in the matrix. This method is also known as an exact 
method, which used by the Smith-Waterman algorithm (SW) 

[5]. SW was first introduced in 1981 by Smith and 
Waterman in [5] which, commonly used to identify the 
optimal regions of similarity until today.  

From the local alignment, a new performance optimized 
approach has been introduced which, defined as heuristic 
based approximate method. There are two techniques used 
this approach, which is FASTA[6]  and BLAST [7]. FASTA 
[8] is acronym for Fast Alignment Search Tools was 
developed by Lipman and Pearson in 1985 based on heuristic 
technique and approximates the optimal alignment by 
searching and match in sub sequences of length k (k-tuples) 
[8]. On the other hand, Basic Local Alignment Search Tool 
as the other technique works based on the heuristic approach, 
which  determine the highest score based on local alignment 
and locating short matches between a query sequence and a 
database [7][8]. 

On the application side, the increasing volume of the 
Deoxyribonucleic Acid (DNA) databases trend has leading 
to the increasing of comparing runtime between two or more 
DNA sequences [9][10]. As an alternative, the used of 
FASTA and BLAST as faster heuristic algorithm have been 
proposed. However, both algorithms could not guarantee 
finding the optimal alignment after increasing the speed due 
to the sensitivity limitation issue.  

Therefore, in order to achieve both target (speed and 
sensitivity); it is necessary to accelerate or optimize the SW 
algorithm since it guarantee the sensitivity as compared to 
the others. Various approaches have been made on 
accelerating the available method and some of the 
acceleration were implemented either the whole algorithm or 
some part in a hardware as reported in several proceeding 
and journal including [11]–[24].  

Although most of the approach targeting on optimizing 
the design via arrangement and optimization of the cell score 
design, this paper report on an investigation over the 
influence of the clock frequency in the cell score design for 
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the software version part. Five section are used as to 
highlighted the investigation with the Section 1 is used to 
highlight the introduction of the studies complete with the 
recent improvement in the field. Section 2 is used to describe 
the function and operation of SW algorithm. The 
implementation in FPGA is specifically highlighted in 
Section 3 since this is the new method and approach used in 
this investigation. Section 4 is used to emphasize the results 
and some discussion on the significance of the result.  The 
last section is used to conclude all the finding obtained from 
this study.  

II. THE SMITH-WATERMAN ALGORITHM  
CONSTRUCTION  

The DNA sequence alignment based on the SW 
algorithm can be constructed using three important steps as 
followed.  

A. Stage 1: Initialization Step 

A dynamic matrix, H is constructed by aligning Nq on the 
top most of the H and Ns on the left side of H.  In H, the 
length m and n for Nq and Ns can be aligning via constructing 
the size of H with (m+1) and (n+1) size. The size is included 
the additional initialization row and column of the H, since 
the SW algorithm required initialization row and column 
before the H cell score can be calculated.  

In the example, we define two based pair of DNA 
sequences as Nq = ACACTGATCC and Ns = ACACTG. 
Thus, this example gives that m and n length of the Ns and Nq 
as 10 and 6. Moreover, the size of H is equal to the 11 by 7 
since the size including one additional row and column 
specifically defined for the initialization row and column. 
Both of the row and column is placed with the zero value 
which we can defined as H0,i = 0 and H0,j = 0 as well. We 
define both of the row and column as column and row zero 
of H. 

B. Stage 2: Matrix Filling  

The SW algorithm cell can be defined as Hi,j since the i 
and j are representing the row and column location of H. The 
Hi,j equation for the single is defined by 

 

 

(1) 

 
where Si,j is denoted as similarity score for match and d is 

the penalty for the mismatch for Ns and Nq. In this matrix 
filling step, each single cell of the H is computed according 
to the Equation (1). 

In order to find the single cell score of H, it is important 
to know the H matrix cell position which the location is 
indicate by the i and j. Moreover, the single cell score of H is 
depends on the three nearest neighbor cells score values; 
diagonal upper left cell (Hi-1,j-1), upper cell (Hi, j-1), and left 
cell (Hi-1,j). 

In matrix filling stage, there are four possibilities value 
for the Hi,j as defined in the Equation (1). The example of the 
Si,j an d is defined by Equation (2) as followed 

 

                (2) 
 
The Hi,j computation is determined starting from the most 

upper left of the cell after the initialization row and column. 
The cell score for Hi,j can be determined as in Equation (1) 
and (2). There are two conditions in Hi,j computation which 
are match and mismatch between two Ns and Nq base 
characters. If the Ns and Nq base characters are match the 
single cell Hi,j will choose the summation of Hi-1,j-1 and Si,j. 
For the mismatch, the Hi,j result will be based on the 
maximum value between the subtraction of Hi,j-1, and Hi-1,j 
with d and the Hi-1,j-1 with Si,j. The process will be repeated 
until the H cells are computed.   

C. Stage 3: Maximum Cell Trace Back 

The trace back stage is a process to search an optimal 
alignment score based on cell score result of H cell. This 
process will search the most similar region by computing the 
highest similarity H cell score and continues until the 
minimum score or zero is detected. The H cell with the 
highest score will be the current cell or lead cell for the trace-
back process.  

Next, the current cell score Hi,j will be used as the 
starting point of the trace back which the second step is to 
compare the current cell Hi,j with the others neighboring cell 
as to find the second cell that carry the highest score. Among 
these three neighbor cell the highest cell will be the second 
location for the trace-back. This process will be kept 
repeating until the last small value or zero is detected.  

III. HARDWARE PLATFORMS 

The design flow of the software implementation on 
FPGA platform used in this study is discussed in the 
following sub-section. 

A. Software implementation 

In order to build the SW algorithm implementation, there 
are several parameters required. This includes the input 
parameter of Hi,j matrix position, direction of gap and output 
of the Hi,j score. The overall process for running the SW 
algorithm is written in C code.  

The input parameter of Hi,j matrix position is to control 
the neighboring cell for the matrix position of Hi-1,j-1, Hi, j-1 
and Hi-1,j in software version implementation for SW 
algorithm. The direction gap was used to conduct the 
direction of gap and the output parameter of SW algorithm 
was used to carry out the final score of the H cell. 

In addition, Figure 1 shows the architecture block 
diagram of single cell SW software version for comparing 
between two DNA sequence characters. The CMP1 is 
denoting as comparator that used to compare between two 
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DNA sequence input characters for Nq and Ns. Next, the 
output of CMP1 will be corresponding to the value of Si,j 
which carry the match or mismatch score. The match score 
for Si,j is occured when both of the Ns and Nq bases are 
similar, otherwise it result as a mismatch score. Then, the 
symbol ADD1 is used to added the diagonal element of Hi-1,j-

1 with value of Si,j.  
Other the other part, the CMP2, CMP3 and CMP4 are 

acting as comparators which are used to compare between 
the two inputs and chooses the bigger input as the output 
result. CMP2 is a comparator that compares the output of 
ADD1 with zero (0) and the biggest input will be selected as 
their output result. Each of ADD2 and ADD3 are known as 
adders that subtracting the input of Hi-1,j and Hi,j-1 with 
penalty value of d. Then, both of the output from ADD2 and 
ADD3 are compared by using CMP3 and the biggest input 
will be selected as the output result. Finally, the output from 
CMP2 and CMP3 will become as the input for CMP4, which 
it will compare both of the input and generate the output 
result by selecting the biggest input. 

B.  FPGA Implementation 

The software was developed using C language and 
targeted to FPGA platform EP4CE115F29C7. The work 
carried out using the Nios II Eclipse tool for Altera Quartus 
II software. 

The software version acceleration involves a several 
steps with the first priority is to make sure the C code work 
correctly. It follows by determination of Ns and Nq with 
length of m and n.  Then, the size of the H needs to set up at 
the size of n+1 and m+1. The initialization step will take up 
with inserting initial value or zero to the first row and 
column of H. The remaining cell score were calculated 
iteratively based on the Equation (1). In addition, the integer 
matrix function is very useful since it can keep track the 
highest score of Hi,j cell. Finally, the output will give the 
highest score of the H. 

IV. RESULT AND DISCUSSION 

The evaluation of the FPGA performance has been done 
based on the two clock frequency, which is 50 MHz and 
100MHz. The operating system of EP4CE115F29C7 was 
compile in Nios II eclipse with the optimization level for the 
Nios II application properties. The identical data of DNA 
sequences used in this experiment was hosted from the host 
computer. The identical lengths tested are ranging from 1 up 
to the 2048 base-pair of DNA sequence character.  

The result for SW software implementation is shown in 
Table 1. 

 
 
 
 
 
 
 
 
 

TABLE I.  COMPUTATION TIME OF SW IMPLEMENTATION 

Number of 
Cells 

Runtime  (ms) 
(50MHz) 

Runtime  (ms) 
(100MHz) 

1 0.122 0.034 
4 0.240 0.096 
16 0.656 0.342 
36 1.497 0.781 
64 2.708 1.354 

256 10.686 5.428 
1024 42.524 21.593 
4096 171.567 86.274 
16384 680.344 344.997 
65536 2721.664 1379.503 

262144 14512.023 5517.566 
1048576 44358.277 22069.397 
4194304 85899.341 42949.671 

 
Table 1 shows that the increasing numbers of the H cells 

are proportional to the completion runtime of the H.  The H 
is tested from ranging of 1 based-pair up to 2048 based-pair. 
Thus, the size of H can be determined based on m+1 by n+1 
as being discusses in Section 3. For an example, both 
sequences for  Nq and Ns sequence are 2048, thus the size of 
matrix will be 2049 x 2049 = 4198401. The size of H is 
slightly different than the number of cells. This is because 
the number of cells as shown in Table 1 is determined by 
ignoring the addition of one row and one column of cells for 
initialization step since the initialization is not computed 
based on the Equation (1) and (2). 

The comparison between the 50MHz and 100MHz 
runtime is shown in Figure 2. 

 

 
Figure 2.  : Number of SW algorithm Cells runtime 

In Figure 2, it shows both of the 50MHz and 100MHz 
runtime cell for different the SW algorithm cell size. It starts 
from the H cell of 1 up to the 4096 number of H cell. Based 
on this result, the comparing runtime cell for 100MHz is 
improved about 50% as compared to the 50MHz clock 
frequency. This improvement shows that, the number of H 
cell can be fitted in each of the runtime cycle is double when 
operating at 100MHz frequency rather than 50MHz 



NUR FARAH AIN SALIMAN et al: PERFORMANCE EVALUATION OF LOCAL DNA SEQUENCE ALIGNMENT . .  

DOI 10.5013/IJSSST.a.17.32.04                                             4.4                           ISSN: 1473-804x online, 1473-8031 print 

frequency. Then, the cell runtime is reducing about two 
times with same lengths of both Nq and Ns sequence 
character. Thus, the increasing numbers of cells are also 
proportional to the complete cell runtime of 100MHz and 
50MHz.   As an example, one cycle of cell runtime for 
100MHz is 50% smaller than 50MHz although both of the 
length are similar. 

TABLE II.  THE CELL RUNTIME SPEEDUP COMPARISON 

Length of Nq/Ns  

Base-Pair 
Speedup 

 
1x1 3.588 
2x2 2.500 
4x4 1.918 
8x8 2.000 

16x16 1.969 
32x32 1.970 
64x64 1.987 

128x128 1.972 
256x256 1.973 
512x512 2.630 

1024x1024 2.010 
2048x2048 2.000 

 
As shown in Table II, the total average cell runtime 

speedup for 100MHz and 50MHz is 2.0455. The speedup 
time is increased at rate of nearly 50% and this is due to 
computational processing time which 100MHz is operating 
at rate of 0.01us and 50MHz is operating at 0.02us clock 
frequency. Thus, the SW cell comparisons can be done two 
times faster for finding the similarity between 1 to 2048 
base-pair using the 100MHz clock frequency. Based on the 
result, at the same processing time twice number of H cell 
can be computed by the design at 100MHz operational clock 
frequency. Thus, the increment of frequency can helps in 
improving the FPGA computational performance. 

The summary of the average cell runtime for both of the 
100MHz and 50MHz operational frequency of SW cell 
software version design is shown in Figure 3. 

 

 
Figure 3.  : Runtime/cell Versus Number of cells 

As shown in Figure 3, the average cell runtime for 
100MHz and 50MHz recorded at 0.021447ms and 
0.044553ms per cell and the maximum runtime per cell 
recorded during the first test or during 1 base-pair test for 
both of the frequencies. 

V. CONCLUSION 

This paper presented a SW software version in FPGA. 
The implementation was carried out using low cost 
EP4CE115F29C7 FPGA. Thirty eight tests with ranging 
from 1 to 2048 base-pair were used as to measure software 
version runtime. The study shows the average runtime per 
cell for 100MHz and 50MHz are recorded at 0.021447ms 
and 0.044553ms per cell. Finally, we can conclude that the 
runtime is depending on the iterative computational method 
used since the increasing frequency can improve the 
performance of runtime based on the recorded experimental 
result.   
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Figure 1.  Architecture block diagram of single cell SW software version 


